Depressed adenylate cyclase activity in the failing guinea pig heart. Circ Res 24: 507-512 Stanton HC, Brenner G, Mayfield ED (1969) IT HAS long been known that the most striking effect of hypoxia on the cardiac transmembrane potential is a shortening of the action potential. The effect was described first for cat papillary muscle (Trautwein et al., 1954) and has been demonstrated in a variety of cardiac muscle preparations. However, the actual mechanisms underlying this shortening still remain uncertain. Nevertheless, a knowledge of these mechanisms may be of interest since it may contribute to a greater understanding of the genesis of arrhythmias in the ischemic heart.
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SUMMARY To explore the mechanisms underlying the shortening of the cardiac action potential in hypoxia, we studied the effect of hypoxia on the ionic currents in cat papillary and trabecular muscles using the single sucrose gap-voltage clamp technique. For potentials positive to -70 mV, hypoxia induces an increase in time-independent outward current. The changes in the tail current suggest that time-dependent outward current is not increased but, rather, reduced. Because the time course of IK remains unchanged, we concluded that the shortening of the action potential is not a result of a change in the time-dependent outward current. In the potential range of the plateau, the amplitude of the slow inward current is not affected by hypoxia. Its time constant of inactivation appears slightly decreased. The prolongation of the action potential by epinephrine during hypoxia is accompanied by an increase in the slow inward current. As a result of these studies, we conclude that the shortening of the cardiac action potential in the early stage of hypoxia results from an increase in K + outward background current. Circ Res 47: 501-508, 1980 IT HAS long been known that the most striking effect of hypoxia on the cardiac transmembrane potential is a shortening of the action potential. The effect was described first for cat papillary muscle (Trautwein et al., 1954) and has been demonstrated in a variety of cardiac muscle preparations. However, the actual mechanisms underlying this shortening still remain uncertain. Nevertheless, a knowledge of these mechanisms may be of interest since it may contribute to a greater understanding of the genesis of arrhythmias in the ischemic heart. Taking into account the characteristics of the dif-ferent membrane currents that may contribute to the repolarization in heart cells (see, e.g., Carmeliet and Vereecke, 1979) , three particular currents are important in determining the action potential duration: (1) the slow inward current; (2) the timedependent outward current; and (3) the background current. Changes in action potential duration may result from changes in the driving forces, the fully activated conductances, or the kinetics of these currents. In the earnest work on hypoxia, the shortening was attributed to an increase in K + outward current (Trautwein et al., 1954; Trautwein and Dudel, 1956; Webb and Hollander, 1956; MacLeod and Daniel, 1965; Prasad and MacLeod, 1969) . After voltage-clamp experiments revealed the existence and the role of the slow inward current (Rougier et al., 1969) , the effect of hypoxia generally was accepted to result from a suppression of the latter current (e.g., Hunter et al., 1972; McDonald VOL. 47, No. 4, OCTOBER 1980 and MacLeod, 1973; Schneider and Sperelakis, 1974) . More recently, Payet et al. (1978) studied the effects of hypoxia in voltage-clamped rat ventricular muscle and found a marked decrease in slow inward current and a slight decrease in outward current.
Tracer studies in a variety of cardiac tissues showed an increase of K + efflux during hypoxia (Vleugels et al., 1976; Vleugels and Carmeliet, 1976) suggesting that an increase in outward current may contribute to the shortening of the action potential. In this study, we show evidence from voltage-clamp experiments that in cat ventricular muscle the shortening of the action potential in hypoxia is related to an increase in time-independent outward current.
Methods
Preparations and Solutions
We used the single sucrose gap technique to perform voltage-clamp experiments on cat papillary and trabecular muscles excised from the right ventricle. Muscles were selected with a length of at least 4 mm, a diameter not exceeding 0.4 mm, and without lateral branches. A modified Tyrode's solution of the following composition was used (mM): NaCl, 127.5; KC1, 5.4; CaCl 2 , 1.35; MgCl 2 , 0.5; NaHCO3, 22.5; and glucose, 5. Gassing this solution with a mixture of 95% O 2 -5% CO 2 (normoxia) or 95% N 2 -5% CO 2 (hypoxia) yielded a pH value of 7.4 at 36.5°C, the temperature at which all experiments were performed. Isotonic KC1 solution was obtained by substituting NaCl iso-osmotically by KC1. Isotonic sucrose solution was composed as follows (mM): sucrose, 332; glucose, 5; and CaCl 2 0.05. It was gassed with 100% O 2 or N 2 . During hypoxia; the oxygen tension in the tissue bath (measured using a Blood Micro System, Radiometer) was less than 25 mm Hg.
Experimental Set Up and Procedure
The experimental set up was similar to the one described by McDonald and Trautwein (1978a) . As a measure of the ratio of the external to the internal resistance across the gap (r o /ri), the ratio AP o /APi was taken, where AP O represents the amplitude of the action potential measured extracellularly over the gap (V g ) and APj is the amplitude of the action potential measured with an intracellular microelectrode in the right compartment (V m ). V m , V g , and the measured current were displayed on an oscilloscope and recorded on a three-channel paper recorder.
In heart muscle, the combination of sucrose and hypoxia favors an increase in r; due to electrical uncoupling of the cells (Wojtczak, 1979) . Therefore, the experimental procedure was designed to limit the time of exposure of the preparations to the combined influence of sucrose and hypoxia. After dissection, the muscles were transferred to the tissue bath, the three chambers of which were perfused with oxygenated Tyrode's solution for a 30-minute recovery period. After 30 minutes, the perfusion was switched for a few minutes to oxygenated isotonic KC1 and oxygenated isotonic sucrose in the left and the middle chambers, respectively, and the ratio APo/APi was measured. If this ratio was larger than 0.9, hypoxia was induced by perfusing the three chambers with Tyrode's solution saturated with nitrogen. Transmembrane electrical activity was monitored in the right chamber (stimulation frequency, 60/min). As soon as the action potential had shortened by at least 30% of its original duration, the perfusion of the left and middle chambers was switched respectively to N 2 -saturated isotonic KC1 and N 2 -saturated isotonic sucrose solution, and a first series of measurements was performed. From a holding potential of -50 mV, depolarizing and hyperpolarizing pulses of different amplitudes were imposed on the membrane. To reduce the duration of the experiments, the duration of the test pulses was limited to 300 or 800 msec, since phenomena occurring after 800 msec may be considered of minor importance in determining the action potential duration. The frequency of the test pulses was 3/min. Between two successive measurements, the clamp was switched off for 15 seconds to allow monitoring of the ratio AP o /APi and the restoration of changes caused by accumulation processes. At the end of this first run of measurements, the perfusion was switched to oxygenated isotonic KC1, oxygenated isotonic sucrose, and oxygenated Tyrode's solution in the left, middle, and right chambers, respectively. Since restoration of the action potential duration after hypoxia occurs rapidly, a second series of identical measurements under control conditions could be started within a few minutes after reoxygenation.
Only results obtained in experiments in which the ratio AP o /APi was constant and exceeded 0.8 for the entire experiment and with one single microelectrode impalement were analyzed. Because of these criteria, the majority of experiments had to be discarded. Only a small percentage of the experiments could be used for analysis.
Statistical significance of the differences between results in control and hypoxia was tested by the Student's t-test for grouped data. Figure 1 shows the current recordings during 800-msec clamp steps from a holding potential of -50 mV to different test potentials, during hypoxia and control conditions. At clamp steps to potentials less negative than -50 mV, the net current is more outward in hypoxia during the duration of the clamp step. In addition, the inward* current component shows a faster decay and the tail current is decreased. On hyperpolarization to -80 mV, the net current is slightly more inward. For further analysis, 
Results
Hypoxia and the Net Current
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• ; • -; - we describe successively the effects of hypoxia on the outward and on the inward component of the net membrane current.
Hypoxia and the Outward Currents The Isochronic Current-Voltage Relationship
As an approximation to the steady state currentvoltage relationship, we measured the current 800 msec after the onset of test pulses to different potentials and plotted the current as a function of the potential of the test pulse. This isochronic current-voltage relationship is shown in Figure 2A for both hypoxia and control conditions. The control current-voltage relationship displays inward-going rectification for potentials negative to -45 mV. A small region of negative slope was present in two out of three preparations (see, e.g., Fig. 1 ). At 300 msec, it was present in all but 2 of 10 preparations. In hypoxia, the steepness of the curve is increased over the entire potential range. Correspondingly inward-going rectification is decreased and negative slope is absent. Subtracting the control current from the current measured in hypoxia yields a difference current which in Figure 2B reverses its sign at -64 mV and displays inward-going rectification at potentials negative to about -25 mV. At more positive potentials, it steadily increases.
An Effect on Time-Dependent and/or TimeIndependent Outward Current
In cat ventricular muscle, the outward current at the end of a 300-or 800-msec depolarizing clamp step is composed essentially of a time-independent background current and a time-dependent K + current (in = IK • n) (McDonald and Trautwein, 1978b) . The question arises to what extent these current components are affected by hypoxia. We used different approaches to answer this question.
The difference current-voltage relationship was the same whether measured at 200, 300, or 800 msec (Fig. 3) . This time independence suggests that the difference current is a background current. The average reversal potential of the difference current obtained from 10 experiments, in which the currentvoltage relationship was measured at 300 msec, was -68 ± 2 (mean ± SE) mV, suggesting that this difference current is largely a K + current. Information on the time-dependent outward current was obtained by inspection of the tail currents. For depolarizing pulses, activating \K, the amplitude of the tail current, referred to the level of the holding current, is a measure for the time-dependent K + conductance that is activated at the end of the pulse. Figure 4 represents the amplitude of the tail currents measured at the end of 800-msec de- VOL. 47, No. 4, OCTOBER 1980 polarizing clamp steps from a holding potential of -50 mV to various potentials, in both hypoxia and control conditions. In the potential range between -30 and +40 mV, tail currents are smaller in hypoxia than in normoxia. Extracellular accumulation of K + can affect the amplitude of the tail currents after long depolarizing test pulses (McDonald and Trautwein, 1978b) . However, according to the same authors, our experimental conditions (pulse duration, 800 msec; [K + ] o , 5.4 HIM; E H = -50 mV) tend to minimize this effect. Since the time constant of decay of the tail current was independent of the potential as well as the duration (between 300 and 800 msec) of the test pulses, the contribution of K + accumulation seems to be small, but the possibility that the smaller tail currents in hypoxia result from a certain degree of accumulation cannot be completely excluded. In any case, the change in the amplitude of in cannot explain the shortening of the action potential in hypoxia.
Kinetics of the Time-Dependent Outward Current
Normalization of the data from Figure 4 yields the isochronic (at t = 800 msec) activation curve for i K ( Figure 5 ). The 800-msec isochronic activation of iK behaves as a sigmoid function of voltage, reaching 0.5 at -27 mV and 1.0 near +20 mV. It is not changed by hypoxia, apart from the decline at potentials exceeding +20 mV, which is probably the result of K + accumulation. With time constants (r n ) smaller than 500 msec (McDonald and Trautwein, 1978b ), the error due to incomplete activation after 800 msec should be of the order of 10%.
Further analysis was restricted to the measurement of the time constant of deactivation of iK. This time constant, measured from semilogarithmic plots of the decay of the tail currents on repolarization from different potentials to the holding potential of -50 mV, is not affected by hypoxia. Mean values (± SE) of the time constant are 396 ± 15 msec (n = 78) in control experiments and 415 ± 15 msec (n = 69) in hypoxia. These values are not significantly different (P > 0.05).
In summary, the results of the analysis of outward currents show that hypoxia increases timeindependent K + current. There is no evidence for an increase in time-dependent K + current. Also the kinetics of iK, to the extent that they could be measured, apparently are not affected.
Hypoxia and the Slow Inward Current
The inwardly directed component of the membrane current on depolarization to potentials positive to -40 mV corresponds to the slow inward • iO mV current (i si ), since the fast inward current is almost completely inactivated at the holding potential of -50 mV (Weidmann, 1955; Beeler and Reuter, 1970) . We measured the amplitude of i S i as the difference between the peak of the inward current and the current at 200 msec (McDonald and Trautwein, 1978a ). Figure 6 shows the threshold of the current-voltage relationship for i si during hypoxia and under control conditions. The threshold of the current is near -40 mV, and the current reaches its maximum near 0 mV. We were not able to detect a significant difference in the current-voltage relationships for i s ; between control and hypoxia.
FIGURE 4 The amplitude of the time-dependent tail current (i,) measured at the end of 800-msec test pulses in normoxia (O) and in hypoxia (•). Data are mean values from three experiments.
The Current-Voltage Relationship for i si
The Time Constant of Inactivation of the Slow Inward Current
The time constant of inactivation of i S i (r f ) was calculated from a single exponential fit of the current decay up to 300 msec. The curve relating Tf to potential in the range between -40 and +40 mV was comparable to the curves obtained by New and Trautwein (1972) and Kohlhardt et al. (1975) in the same preparation. One should realize that the inverse bell shape of the curve probably results from two artefacts: the interference of a rather slow activation process with inactivation near threshold (Trautwein et al., 1975) and an important degree of activation of time-dependent outward current at positive potentials (McDonald and Trautwein, 1978b) . Our experimental results, mainly the limitation of the pulse duration to 800 msec, preclude a separation of the different current components. However, since in the potential range between -20 and +10 mV activation of i S i is fast and r n is nearly 5 times longer than Tf, (McDonald and Trautwein, 1978a; Kohlhardt et al., 1979) , we consider the time constant of the decay of the inwardly directed component of the membrane current to be a good approximation of Tf in this potential region ( Figure  7) . Hypoxia induces over the entire potential range a small decrease in the time constant ranging between 10 and 20 msec. As the slow time-dependent current phase is unchanged, this small change in the time constant of decay of the inwardly directed current component reflects a decrease in n.
The Effect of Epinephrine during Hypoxia
Catecholamines induce a temporary prolongation of the shortened action potential during hypoxia (MacLeod and Daniel, 1965; MacLeod and Prasad, 1969; Vleugels, 1979) . Theoretically, this effect can be explained by a stimulation of anaerobic metabolism (Williamson, 1964) , which may reverse the effects of a declining ATP content, as well as by a direct influence on the slow inward channel conductance (Reuter and Scholz, 1977a) . Therefore, we found it of interest to investigate the effect by voltage clamp. The results of these experiments are illustrated in Figure 8 , showing the action potentials and the current tracings corresponding to a depolarization from -50 to 0 mV, before and 4 minutes after the addition of epinephrine (3 X 10~6 M) to the hypoxic medium. The increase in the duration of the action potential is accompanied by a large increase in the inward current component. In addition to this effect on i si , there is a smaller progressive increase in the outward current at 800 msec and in the amplitude of the time-dependent tail current. The duration of the experiments was restricted because of gradual electrical uncoupling of the cells in the presence of epinephrine (Wojtczak, 1979) .
Discussion
A complete quantitative analysis of the effect of hypoxia on the ionic channels could not be made because uncoupling in a majority of experiments necessitated a premature interruption of the measurements. Nevertheless, we were able to establish the major mechanisms by which hypoxia shortens the action potential.
The isochronic current-voltage relationship indicates that in the potential range of the plateau outward current is increased by hypoxia. The increase in outward current results from the increase of a time-independent conductance whereas timedependent outward current is decreased. The behavior of the current modified by hypoxia indicates that the K + background channel is, in the main, responsible. Its reversal potential (-68 mV) suggests that other ions may be involved to a small extent, although a shift of EK to a less negative value by a certain degree of intracellular K + loss and/or extracellular K + accumulation cannot be excluded completely. This conclusion is in accordance with the results of 42 K efflux experiments on a variety of cardiac muscle preparations (Vleugels and Carmeliet, 1976; Vleugels et al., 1976) which were indicative of an effect of hypoxia on the permeability of the K + background channel. The measured current values may be influenced by extracellular accumulation of potassium (Cleemann and Morad, 1979) . Hypoxia promotes K + accumulation by increasing the net outward movement of this ion and by an eventual inhibitory effect on active K + uptake. However, in the plateau potential range, an increase in external K + , ranging from 3 to 30 HIM, affects the steady state currentvoltage relationship in cat ventricular muscle in a way opposed to the effect of hypoxia we measured (McDonald and Trautwein, 1978b) . In addition, the time independence of the difference current argues against K + accumulation as an explanation for the increase in the outward current induced by hypoxia.
Alternatively, an increase in outward current in hypoxia could be explained as resulting from changes in an electrogenic Na + -Ca 2+ exchange mechanism. By an effect on the distribution of Na + and/or Ca 2+ ions, metabolic inhibition may shift the reversal potential of the current generated by this mechanism to more negative values. This shift in turn would result in an increase in outward current (see, e.g., Mullins, 1979) . In our experiments, the contribution of this mechanism to the increase in outward current may be expected to be small because the lack of effect of hypoxia on action potential amplitude and the fast reversibility of the effect on action potential duration preclude large changes in E Na -A decrease in Eca should rather result in a decline in the outward current generated by Na + -Ca 2+ exchange. The shortening of the action potential in hypoxia cannot be explained by a decrease in the amplitude of the slow inward current because no significant changes in the amplitude of i S i were found.
Although we were unable to measure the reversal potential of i S j, evidence from the current-voltage relationships (Fig. 6 ) does not support a marked decrease of the reversal potential in hypoxia. The only change in the slow inward current which may contribute to the shortening of the action potential is the small increase in rate of its inactivation.
The prolongation of, the hypoxic action potential by epinephrine apparently results from an increase in the slow inward current. The small effect of epinephrine on the outward current probably reflects an increase in IK, comparable to the enhancement by catecholamines that is described for the outward plateau current in Purkinje fibres (Tsien et al., 1972; McNaughton and DiFrancesco, 1977; Pappano et al., 1977) and for the delayed outward current in frog atrium (Brown and Noble, 1974) .
In the literature, the effect of epinephrine on the action potential duration in hypoxia was attributed to the transient restoration of a suppressed slow inward current, mediated by a stimulation of glycogenolysis . In our experiments, the effect of hypoxia on the action potential duration was not due to a decrease of i si . The observed effect of hypoxia (an increase in outward current) was not reversed by epinephrine. Thus, the prolongation of the hypoxic action potential by epinephrine results from the increase of a previously unaffected slow inward current rather than from a stimulation of anaerobic metabolism.
The only voltage-clamp study of hypoxic cardiac muscle is the one by Payet et al. (1978) on rat ventricular tissue. The authors conclude that there is a reduction of i S i of 50 to 80% due to a decrease of both driving force and conductance, and a slight depression of the instantaneous outward current. These data may seem to conflict with our results. However, our results do not exclude a decrease of i si in a later, more severe stage of hypoxia. Payet et al. (1978) mention an increase in n of 34% in their preparations during hypoxia. This increase is indicative of a more severe degree of cellular hypoxia and presumably a larger rise in [Ca 2+ ]i. Also, the marked depolarization of the resting membrane potential these authors observe is the expression of a severe hypoxic condition. Furthermore, the experiments of Payet et al. (1978) were performed in a Tris-buffered perfusion medium. In our hands, the substitution of HCO 3~-CO 2 by Tris essentially reverses the effect of hypoxia on action potential duration and 42 K efflux (Vleugels, 1979) . Obviously, both groups of results are not comparable since they are obtained in largely different experimental conditions.
On the other hand, our results agree with current clamp data from Mascher and Carmeliet (1975) who showed that in hypoxic guinea pig ventricular muscle there is an increase in the membrane slope conductance at depolarized levels of membrane potential.
As far as the underlying mechanisms are concerned, the observed increase in K + background current may result partly from an increase in [Ca 2+ ]i (Bassingthwaighte et al., 1976; Isenberg, 1977) . Additional mechanisms are probably involved since the outward current is also markedly increased in its outwardly rectifying part. A lack of decrease in isi amplitude by hypoxia does not preclude a rise in [Ca 2+ ]i. Taking into account the permeability ratios of the slow channel and the intracellular activities of the ions involved, [Ca 2+ ]j has to rise above 1 X 10~5 M before it contributes substantially to the reversal potential of the slow inward current (see, e.g., Reuter and Scholz, 1977b) .
